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We show how deviations from the dimensional scaling laws for exclusive processes may be 
related to a breakdown in the locality of quark-hadron duality. The essential principles are 
illustrated in a pedagogic model of a composite system with two spinless charged constituents, 
for which a dual picture for the low-energy resonance phenomena and high-energy scaling 
behavior can be established. We introduce the concept of "restricted locality" of quark- 
hadron duality and show how this results in deviations from the pQCD quark counting rules 
above the resonance region. In particular it can be a possible source for oscillations about 
the smooth quark counting rule, as seen e.g. in the 90-degree differential cross sections for 
7P — > 7r + n. 



The dimensional scaling laws |2| have had considerable success in high energy exclusive scat- 
tering, where a valence-like minimal number of quarks is probed. Within this model, dominance 
of short distance pQCD phenomena could be expected at quite low energies, for example, imme- 
diately above the traditional resonance regions. On the other hand, the empirical status of the 
helicity conservation selection rules of Lepage and Brodsky 3] at these low energies is unclear. 
The assumption of short distance dominance for such exclusive processes has also been questioned 
theoretically, e.g. Ref. jj| argues that nonperturbative processes could still be important in some 
kinematic regions even at high energies. In summary: the transition between perturbative and 
strong interaction regimes of QCD is obscure. 

In experiment, deviations from quark counting rules have been found in exclusive reactions [||. 
In particular, the energy dependence of data at 6 c . m . = 90° oscillates around the value predicted by 
the quark counting rules. Explanations include the opening of new flavor channels ja\, interference 
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between pQCD and long-distance components Ml, and the essential message is that a sizeable 

on 

long-distance interaction component cannot be neglected [8J, Also, pQCD color transparency 
predicts interesting phenomena. 
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In this Letter, we show how recent ideas on quark-hadron duality 

can give novel insights into the derivation of counting rules, at least in non-diffractive processes. 
We shall explore the intermediate high energy region, through which we shall relate resonance 
excitations at low energies to parton phenomena at high energies. This leads to a smooth counting- 
rule type of behavior at 6 c .m. = 90° modulated by oscillations, as observed. 

To illustrate the essential idea, the recently developed model of two-body spinless con- 



stituents 
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, n| Serves as (lie simplest example lor I lie realization of duality. The general 
form for the transition amplitude for 7(k)\I r o ~~ > — > ^oTlq) can be expressed as 
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re main quantum number N. We shall 
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lfj, it was shown that the sum over 



where is the harmonic oscillator wave function with t 
abstract some general features from the above model. In 
the resonances can be related to the scaling behavior as a result of destructive interferences among 
different resonances in the coherent terms (~ eie 2 ) at small \t\. At high energies the destructive 
interference is rather local, due to the high density of overlapping resonances. On the other hand, 
at low energies only a few resonances contribute, there is marked breaking of the mass degeneracy 
of states with the same N, and orbital angular momentum L-dependence of the resonances plays 
an important role. 

The imaginary part of Compton scattering as a sum over the intermediate "resonance" states 
in Eq. Q accesses the structure function of "nucleon" Vl/o- As discussed in Q], taking the z-axis 
along the incoming photon momentum direction, and explicitly including the L-dependence in the 
energy spectrum, we can express the transition amplitude as 
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where J^a (k) denotes the transition (with momentum k) to an excited state with quantum number 
(N, L), while (q) denotes the decay back to the ground state. In Compton scattering, these two 
transition amplitudes are connected by a Wigner rotation function d,Q (9), where 9 is the relative 
angle between the incoming and outgoing photon momenta k and q in the photon-target cm. 
system. The factorized L-dependence (i.e. violated Cn) is denoted by a coefficient Cnl which is 
essentially related to the non-degenerate mass positions of excited resonant states, and is the same 
for the coherent and incoherent terms in the two-body system. 

At this stage, it is not important to concern ourselves with details of the L-dependent factor 
Cjvx- First note that in this simple model jl^l all terms of L = odd for a given N are 
proportional to cos 9, and hence vanish at 9 = 90°; thus we need consider only the parity-even 
states at 9 = 90°, i.e. N = 0, 2, 4 ... with L = N, N - 2, • • • for a given even N. The scattering 
amplitude at 90° can then be expressed as 

(Mjv=o + M N=2 + M N=4 + • • -)0=9O° 
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+ 4T^ (3C44 - 10C42 + 7C40) (^ ) + 



xe -(k2+ q W j (3) 

where cq = e% + 62 is the total charge of "nucleon" ^o- 
Several points thus can be learned: 

i) At high energies where the state degeneracy limit can be applied, all the terms with N ^ 
and L = 0, ■ • • , N in Eq. (j3J) would vanish due to the destructive cancellation. Only the Coo term 
survives: 



M = e z C 00 e a nn = e 2 C 00 R(t) q _ , (4) 
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where R(t) is recognised as the elastic form factor for the Compton scattering [16| or more generally 



the quark counting rule predicted scaling factor 



HQ. 



So we see that the smooth behaviour driven 



by the elastic form factor, which is the essence of the counting rules, effectively arises from the 
s-channel sum combined with the destructive interferences among resonances. 

ii) Concerning the L-degeneracy breaking effect for any given N, each term of (N, L) corresponds 
to the excitation of an intermediate state with given N and L. The factor Cnl, which is essentially 
related to the mass position of each state, should be different for the individual states. This leads 



to oscillations around the simple result of Eq. (@J), due to different partial waves not cancelling 
locally. We shall refer to this as "restricted locality" . 

Certainly, the simple model can only illustrate such a deviation in a pedagogic way. However, a 
similar phenomenon may have existed in physical processes due to the restricted locality of duality 
above the prominent resonance region. Notice that deviations from quark counting rules are indeed 
found experimentally in certain exclusive reactions 2^, for example, the 90° differential cross 
sections of — > ir + n at W ~ 3 GeV exhibit oscillations around the scaling curves predicted by 
the counting rules. We will show how the restricted locality of duality is naturally a source of such 
oscillations. 

To generalize the above to the physical exclusive processes, we adopt effective Lagrangians for 
the constituent-quark- meson and quark-photon couplings, while treatin g th e mesons as elementary 



particles, as e.g., the effective theor y p roposed by Manohar and Georgi 



doscalar meson production in Refs. 



23, 
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22f | and extended to pseu- 



251 ] . Briefly, the introduction of an effective Lagrangian 



for quark-meson couplings highlights the quark correlations in the exclusive processes (including 
the Compton scattering). We can thus arrive at a general expression for the transition amplitudes 
for the s- and u-channels, i.e. the direct and the virtual resonance excitations: 



M S+U = e -( k2 +q 2 )/6a 2 
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where the multiplets are degenerate in n. The spin structures, charge and isospin operators have 
been subsumed in the symbol O. Terms proportional to (k • q/3a 2 ) n denote correlations of cm. - 
cm. motions (superscript cc), while (k • q/3a 2 ) n_1 and (k • q/3a 2 ) n_2 denote the cm. - internal 
(ci) or internal - internal correlations (ii), respectively. The subscript "d" ("c") denotes the 
direct (coherent) process that the photon and meson couple to the same (different) quarks in the 
transition. The coherent process is suppressed by a factor of (— l/2) n in comparison with the direct 
one for higher excited states. Note that the conventional Born terms will contribute to different 
parts: the nucleon pole terms included in the s- and u-channel, and the possible contact term 
and ^-channel charged meson exchange included as part of the background terms due to gauge 



invariance. Both terms can be expressed as 

M^ +i = c +* e -( k - q ) 2 / 6a2 . (6) 

This expression is similar to that discussed in Ref. [la] for the simple two spinless constituent 
system. The detail of the exclusive process (i.e. the detail of the spin operators) does not prevent us 
from recognising certain general aspects of the amplitude, in particular the effects that a restricted 
locality of duality has in the interplay between the resonance and partonic phenomena. 

In the low energy regime, the degeneracy in n must break. In the SU(6)®0(3) symmetry limit, 
for a given n (< 2). multiplets of L- and 5-dependent resonances can be separated in this model. 
As studied in Ref. |25j, quantitatively the calculations were in agreement with experimental data 
up to £ 7 « 500 MeV. 

The dominant term comes from the correlation of the cm.- cm. motions at the two vertices 
(n = 0, 1, • • •), while terms involving the cm.- internal motion correlation, or internal - internal 
motion correlation will be suppressed. For example, for n = only the terms involving the cm. 
- cm. correlation contribute. These correlations are essentially the demonstration of the internal 
degrees of freedom of the nucleon system. 

In the high energy limit where the degeneracy achieves, the leading term can be expressed 
compactly as follows: 

Mg U = (Of + 0^ e -k-q/2<* 2 ) e -(k-q) 2 /6« 2 _ (y) 

where similar to Refs. 
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1 1 3, Q the scaling behavior can be realized at small \t\ due to the 
suppression of e~ k ' q / 2a2 on the coherent term. At = 90°, we have 

Mg U = (Of + O c cc )e- (k - q)2/6 ° 2 | e=9QO , (8) 

where both direct and coherent process contribute and operators Of and Of now are independent 
of n. We conjecture that a similar factorization for the exclusive process may be more general than 
this nonrelativistic pictures, as suggested by the pedagogic model The form of Eq. (JBJ then 
represents the realization of duality, in particular, the emergence of the empirical quark counting 
rules after the sum over degenerate resonances at high energies. The exponent factor e - ^ k-q ^ ''/ Ga2 
is thus regarded as the "typical" scaling law factor. 

This model has interesting implications for kinematics just above the resonance region. Here, 
where the resonances of n > 3 are not degenerate, we expect to see effects of interference among 
non-local resonances, e.g. states of n = 3 and n = 4, giving deviations from quark counting rules 
at 90°. 



This conjecture seems likely to be realized given the evidence for higher excited states (n > 
2) j^j], where local degeneracy has not yet been reached at energies of a few GeVs. Therefore, 
the degeneracy breaking will cause deviations from the smooth counting rules due to the different 
L-dependence in the resonance configurations. 

To estimate the 90° deviation in — > ir + n, we introduce the mass-degeneracy breaking (in- 
dependence) into the n = 3 and 4 terms in Eq. @. For instance, for n = 3, we assume that the 
L-dependent multiplets are still proportional to k • q, thus vanish at 9 = 90° as shown by Eq. P]). 
For n = 4, one would have P, F and H partial waves. The non-degeneracy then gives non-vanishing 
terms in the 90° cross section. Above the third resonance region, the quark model form factor is 
not an accurate representation of data. For s < 20 GeV 2 at 90°, R(t) « (0.22 - t)/(0.025 - 1). So, 
empirically we make contact with the counting rule by replacing R(t) of Eq. (J5J) by 

1 / 0.025 — t\ „, , 

This applies if the symmetry limit were true for all n. Taking account of the non-degeneracy for 
n < 2 gives the solid curve in Fig. ^ which includes prominent well known resonances. Including 
non-degeneracy for n < 4 gives the dotted curve in Fig. ^ This shows how breaking the 
restricted locality of duality produces sizeable oscillations that persist to a few GeVs of W, but 
with reduced amplitudes as energy increases. Such a result, even though very qualitative (we do 
not try to fit the data above the third resonance region [20 1 ) , suggests that non-degenerate higher 
resonances cause the deviations from the quark counting rules above W ~ 2.5 GeV in meson pho- 
toproduction. As a consequence, the Q 2 -dependence of the oscillations could be most illuminating. 
For example, if a subset of resonances is relatively suppressed at large Q 2 (as proposed in Ref. j^]), 
there will be significant shifts in the oscillations, both in position and magnitude, rather than the 
relatively stable changes predicted by color transparency. In particular, and in contrast to other 
phenomenologies, the deviation pattern produced by the resonance degeneracy breaking need have 
no simple periodicity. The experimental data can thus distinguish this mechanism from others. 

Additionally, if the main splitting mechanism were due to the partial wave dependence, at 
8 = 90° destructive interference at high energies should occur within states of a given n, i.e. with 
the same parity. Consequently, parity-even and parity-odd states could be isolated at 6 = 90° since 
the degenerate terms are proportional to (k • q/3a 2 ) n . 

To summarize: we have discussed the relation between resonance phenomena and the dimen- 
sional scaling laws based on the quark-hadron duality picture at 2 < -^/s < 3.5 GeV. In con- 
trast to previous models for the deviations from quark counting rules, here we proposed that 



non-perturbative resonance excitations are an important source for such deviations. At specific 
kinematics, e.g. 9 = 90°, the oscillatory deviations could be dominantly produced by resonance 
excitations with "restricted locality". This argument is general for photon induced two-body re- 
actions on the nucleon, and so we expect that such a restricted locality of duality occurs in vector 
meson photoproduction at a few GeVs as well. The existence of higher excited resonances and 
the recent experiment at JLab 2^ 0, 0, [^J suggest that the large angle cross sections for the 
photoproduction of the u, p° and at a few GeVs are still dominated by s- and it-channel nucleon 



exchanges 



Although the formulation is nonrelativistic, we find it has been valuable to gain 



insights into the regime between the traditional resonance and partonic regions. We also suggest 
a non-trivial Q 2 dependence for such oscillations. 

This work is supported, in part, by grants from the U.K. Engineering and Physical Sciences 
Research Council (Grant No. GR/R78633/01), and the Particle Physics and Astronomy Research 
Council. We thank H. Gao for useful discussions and providing experimental data. 



[1] S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett. 31, 1153 (1973); Phys. Rev. D 11, 1309 (1975). 

[2] V. A. Matveev, R. M. Muradian and A. N. Tavkhelidze, Lett. Nuovo Cim. 7, 719 (1973). 

[3] G.P. Lepage and S.J. Brodsky, Phys. Rev. D 22, 2157 (1980); S.J. Brodsky and G.P. Lepage, ibid. 24, 
2848 (1981). 

[4] N. Isgur and C. Llewellyn Smith, Phys. Rev. Lett. 52, 1080 (1984). 

[5] C. White et al, Phys. Rev. D 49, 58 (1994); D.G. Crabb et al, Phys. Rev. Lett. 41, 1257 (1978); G.R. 
Court et al, Phys. Rev. Lett. 57, 507 (1986); T.S. Bhatia et al, Phys. Rev. Lett. 49, 1135 (1982); E.A. 
Crosbie et al, Phys. Rev. D 23, 600 (1981). 

[6] S.J. Brodsky and G.F. De Teramond, Phys. Rev. Lett. 60, 1924 (1988). 

[7] S.J. Brodsky, C.E. Carlson, and H.J. Lipkin, Phys. Rev. D 20, 2278 (1979). 

[8] G.A. Miller, Phys. Rev. C 66, 032201(R) (2002). 

[9] A.V. Belitsky, X. Ji, and F. Yuan, |hep-ph/0212351| 

[10] J.P. Ralston and B. Pire, Phys. Rev. Lett. 49, 1605 (1982); Phys. Rev. Lett. 61, 1823 (1988). 

[11] B. Kundu, J. Samuelsson, P. Jain, and J.P. Ralston, Phys. Rev. D 62, 113009 (2000). 

[12] N. Isgur, S. Jeschonnek, W. Melnitchouk, and J.W. Van Orden, Phys. Rev. D 64, 054005 (2001). 

[13] W. Melnitchouk, Phys. Rev. Lett. 86, 35 (2001). 

[14] F.E. Close and N. Isgur, Phys. Lett. B 509, 81 (2001). 

[15] S. Jeschonnek and J.W. Van Orden, Phys. Rev. D 65, 094038 (2002). 

[16] F.E. Close and Q. Zhao, Phys. Rev. D 66, 054001 (2002). 

[17] E.D. Bloom and F.J. Gilman, Phys. Rev. D 4, 2901 (1971). 




FIG. 1: Energy dependence of the differential cross section for ir + photoproduction at 9 = 90°. The solid 
curve denotes degeneracy breaking for n < 2, while the dotted for n < 4. The empty circles are old data 
from Ref. [^(J, and the full dottes are new data from JLab [2^. 



[18] A. De Rujula, H. Georgi and H.D. Politzer, Ann. Phys. 103, 315 (1975). 
[19] I. Niculescu et al, Phys. Rev. Letts. 85, 1182 & 1186 (2000). 

[20] "Photoproduction of Elementary Particles" , edited by H, Gcnzcl, P. Joos, and W. Pfcil, pl6-268 (1973); 
R. L. Anderson et al., Phys. Rev. D14, 679 (1976). 



[21] H. Gao, Invited talk at EMI2001, Osaka, pll5 (2001); L.Y. Zhu et al., nucl-ex/0211009 

[22] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984). 

[23] Z. P. Li, Phys. Rev. D 50, 5639 (1994). 

[24] Z.-P. Li, H.-X. Ye, and M.-H. Lu, Phys. Rev. C 56, 1099 (1997). 

[25] Q. Zhao, J.S. Al-Khalili, Z.-P. Li, and R.L. Workman, Phys. Rev. C 65, 065204 (2002). 

[26] K. Hagiwara et al. [Particle Data Group], Phys. Rev. D 66, 010001 (2002). 

[27] F.E. Close and W. Melnitchouk, |hep-ph/030"2013| 

[28] E. Anciant et al., Phys. Rev. Lett. 85, 4682 (2000). 

[29] M. Battaglieri et al., Phys. Rev. Lett. 87, 172002 (2001). 

[30] H. Gao and R.J. Holt (spokespersons), JLab-94-104. 

[31] D. Dutta, H. Gao, and R.J. Holt (spokespersons), JLab-02-010. 

[32] J.M. Laget, Phys. Lett. B 489, 313 (2000). 

[33] Q. Zhao, B. Saghai, and J.S. Al-Khalili, Phys. Lett. B 509, 231 (2001). 



